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Abstract
The purpose of the work in this thesis was to develop a finite element model of a
helmet with various additional protective devices and to investigate how the personal
protective equipment system affects the mechanical response of a human head sub-
jected to a blast. Finite element models of the helmet with and without faceshields
and goggles were developed from geometries of the Advanced Combat Helmet and
the Enhanced Combat Helmet provided by the Natick Soldier Research, Development
and Engineering Center. The helmet models were coupled with a simplified version of
the existing DVBIC/MIT Full Head Model and subjected to a frontal 1 MPa blast for
a duration of 1 ms using a computational framework suitable for simulating fluid-solid
dynamic interactions. This framework was validated against experimental results of
blasts carried out by the Carderock Division of the Naval Sea Systems Command
Warfare Centers. The intracranial stress contours taken from these simulations sug-
gest that the protective device systems alter the loading pattern experienced by the
head as compared to the addition of a simple helmet. Pressure-time histories obtained
from various points in the head indicate that the protective device systems reduce
and broaden pressure peaks within the intracranial cavity, potentially mitigating the
effects of blast-induced traumatic brain injury.
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Chapter 1
Introduction
1.1 Motivation
Recent military actions in Iraq (Operation Iraqi Freedom, OIF) and Afghanistan
(Operation Enduring Freedom, OEF) have seen the dramatic increase in the sus-
tainment of Blast-Induced Traumatic Brain Injuries (TBI). The U.S. Department of
Defense estimates that approximately 10-20% of Servicemembers deployed in Iraq
and Afghanistan sustained a mild TBI, with 20-40% of those affected suffering from
residual symptoms. A 2008 RAND survey of veterans of the OIF/OEF actions found
that 19.5% of those surveyed had experienced a TBI during their deployment; this
percentage indicates that approximately 320,000 veterans of OEF/OIF have experi-
enced a TBI. [18] In 2009, a study found that over 22% of an Army Combat Brigade
Team returned from Iraq with a confirmed TBI. [20] As would be expected, Ser-
vicemembers evacuated from theater have a higher proportion of inflicted TBI; one
particular screening of patients at Walter Reed Army Medical Center (WRAMC)
found that 28% of patients had suffered TBI. [21]
Leading causes of TBI in civilians are falls, motor vehicle and sports collisions,
and assaults with firearms [10], but blast has become the leading cause of TBI in
active duty military personnel in active combat zones. [18] Improvised explosive de-
vices (IEDs) are the cause of most TBI in soldiers from Iraq and Afghanistan. Such
blasts result in nearly 60% of combat casualties [11] and 67% of all Army war zone
evacuations [21]. In one medical unit in Iraq, 88% of the personnel treated had been
injured by an IED or mortar, where 47% of those injuries involved the head. [14]
The visibility of TBI has increased in recent conflicts due to the advances in
personal protective equipment (PPE) and military medical treatment. Soldiers now
survive blasts that would have previously caused their deaths due to penetrating
injuries or due to primary blast lung injury. The survival rates for wounded soldiers
have drastically increased; 30% of wounded soldiers died in World War II, 24% of
wounded soldiers died in Vietnam, whereas only 10% of wounded soldiers have died
in Iraq and Afghanistan. [6] The increased survival rate can be attributed to more
effective PPE, and advances in military medicine, including the mobilization of lean
surgical teams on forward battlefields, new treatment techniques, and the ability to
rapidly evacuate wounded personnel overseas if necessary. [6,8,11]
While these advances allow soldiers to survive blasts, they do not necessarily
prevent blast-related TBI. The design objective of PPE has historically been ballistic
impact prevention, with any added blast protection being a welcome side effect. The
significant reduction in the number of blast lung injuries suggests that Kevlar vests
are effective in preventing this type of injury. However, there has been little testing
done on the Advanced Combat Helmet (ACH) in response to blast waves; the focus
of the testing on the ACH has been to test blunt impact mitigation and ballistic
penetration resistance.
Significant progress has been made in understanding blast-induced TBI through
animal [11] and computational [12, 13] studies, yet specific proposed mechanisms of
injury [3] and blast-induced TBI criteria used to define injury metrics and thresholds
remain difficult to define. To aid in this effort, high-biofidelity models for character-
izing the physics of the problem have been developed. Such models provide spatially
and temporally resolved profiles of relevant mechanical fields, such as stress, strain,
and accelerations, linking the external blast with the mechanical tissue response.
Such a field history can be used to determine the biological tissue response, leading
to injury mechanisms which can be defined on a tissue or a cellular level. [5]
Current work to improve the biofidelity and extend the scope of the computa-
tional framework includes the implementation of advanced tissue constitutive mod-
els [17]. Such models incorporate mechanical properties derived from in vivo [9] and
in vitro [16] dynamic testing of the brains of various mammals. The framework is
also validated against both lab scale and full field blast tests on animal and surrogate
models. [1]
In the work described in this thesis, the Defense Veterans Brain Injury Cen-
ter/Massachusetts Institute of Technology (DVBIC/MIT) Full Head Model (FHM)
[13,15] is used to determine strategies for decreasing the intensity of the stress waves
transmitted to the brain tissue caused by primary blast effects.
1.2 State of the science
The interest in traumatic brain injury and its mitigation is a global one, prompting
worldwide research focus. A wide variety of models exist, encompassing numerous
combinations of geometry selections, mesh types, loading conditions, and simplifica-
tions made to ensure ease of computation. What follows is a brief description of the
current leading head models external to this research initiative.
The Wayne State University Brain Injury Model (WSUBIM) represents one such
head model. Version I of the WSUBIM was partially validated against the Nahum
cadaveric head impact tests, and version II introduced a sliding interface between
the skull and brain surfaces. [23] Significant effort was put into a new version of the
WSUBIM, in order to be capable of simulating both direct and indirect impacts over a
range of impact severities, to focus on an improved facial model. The geometry of the
bulk of the head was derived from their previous model, meshed with a characteristic
element length of approximately 2mm in HyperMesh. The resulting mesh contains
approximately 314,500 elements. The new facial model was constructed from the
Magnetic Resonance Images (MRI) and Computed Tomography (CT) scans avail-
able from the Visual Human Project (VHP). The facial bones were simplified and
smoothed for ease of meshing, and were scaled to match the current size of the rest of
the WSUBIM. The facial structures were meshed as shell elements with a standard
thickness of 1 mm, whereas the cancellous bone was modelled as solid elements with
varying thickness, as appropriate to the geometry. In the WSUBIM, the cerebrospinal
fluid (CSF) is meshed as solid elements with a sliding surface definition at the in-
terface of the arachnoid membrane and the dura. The brain tissue was assigned a
fairly standard isotropic elastic hydrostatic response and viscoelastic shear response,
however the gray matter and white matter were differentiated, in order to take into
account the fact that the white matter is more fibrous, leading to a 25% higher shear
modulus. The WSUBIM specifically accounts for blood vessel tethering within the
brain by assuming the shear moduli of the brain tissues to be approximately one order
of magnitude higher than those from the literature, selecting these values to match
experimental results. The bony structures were modelled as elastic-plastic, with the
PAM-CRASH material model used to predict fracture. The skin and muscle were
assumed to be elastic materials.
Another accepted head model is that of Horgan and Gilchrist of University College
Dublin. They built their model with a focus on the mesh quality and ease of mesh
generation. To this end, they segmented CT and MRI images from the VHP, using
interpolation and thresholding techniques to identify the structures inside the head.
A polygonal model was created using the VTK software, which was then decimated
and smoothed, and exported in IGES format. [7] In the MSC/Patran software, planes
were created along one axis of the skull, and curves created across a second. These
contours represent the inner and outer surfaces of the skull; the inner contours of
which were used to generate the mesh for the brain, once a uniform layer was created
representing the CSF. By mapping the mesh to contours in this way, Horgan and
Gilchrist maintained anatomical accuracy without sacrificing mesh quality. They
created two separate head models, using varying element types for different structures
throughout the head. In the first, the scalp was modelled with shell elements, the
bone structures modelled as bricks of varying thickness, appropriate to the location
in the skull, the CSF and all brain tissue with brick elements, and the membranes
of the brain were split between membrane (the pia and dura) and shell (falx and
tentorium) elements. The second model is very similar, but models the scalp with
brick elements and the skull with composite shell elements, the thickness of which
were measured and mapped from the nodal thicknesses of the skull from the first
model. The mesh density of these two models were varied, creating a range of meshes
with numbers of elements ranging from 9,000 to 50,000. In this particular study, the
brain tissue was modelled as a linear viscoelastic material under large deformation
theory. The inability to create fluid elements using the MSC/Pastran software was
solved by modelling the CSF as solid elements which were unable to withstand shear.
From study across the varying models, Horgan and Gilchrist conclude that careful
modelling of the depth and volume of the CSF and of the thickness of the skull is
necessary for accurate simulations within the brain.
Willinger and Baumgartner of Louis Pasteur University (ULP) created another
head model for use in simulation, the ULP FEM. The geometry was digitized from
the data in an anatomical atlas by Ferner. [22] This geometry was meshed using Hy-
perMesh, creating a model with a skull, falx, tentorium, scalp, cerebrum, cerebellum,
brain stem, and subarachnoid space. Of these structures, the falx and tentorium were
modelled with shell elements, the skull by three layered composite shell elements, and
the rest of the features by brick elements. The subarachnoid space was represented
by one layer of brick elements which simulate the CSF. One layer of brick elements to
represent the CSF was also created between the hemispheres of the brain. The model
had a total of 13,208 elements, of which 10,395 were brick elements, with an average
element size of 5 mm. The majority of the materials were isotropic and homoge-
neous. The brain was modelled as viscoelastic, and the cranial bone was modelled as
elastic-plastic brittle in order to capture fracture behavior. The membranes and scalp
properties were modelled as elastic, with properties drawn from the literature, and the
CSF was modelled as hydrodynamic fluid elements with a bulk modulus resembling
that of water. The simulations were run in the RADIOSS CRASH software package,
a dynamic simulation incorporating geometrical deformation. The ULP FEM was
subjected to impact loading, for validation against the Nahum experiments.
Another head model comes out of the Politecnico di Torino, in an effort to find
an injury criterion to supplant the Head Injury Criterion (HIC) for assessing TBI,
as the HIC is based only on linear acceleration under rigid impact conditions. This
model really focused on the inner elements at the ventricles and veins, and on the
differentiation between white and gray matter, as that is where most brain injury
occurs. [2] The bone structure of this model was built from CT and MRI images
from a cranial trauma patient. The soft tissue in this model was taken from another
patient's MRI data and scaled to fit the cranium of the skull of the first patient.
The soft tissue geometries were manipulated with the AMIRA software package and
exported in STL format to transform the geometry into analytical surfaces. The
geometries were meshed in HyperMesh to create a model with 55,264 elements. The
scalp, CSF, and skull are modelled as brick elements. The facial bone and membranes
are modelled as shells, and all the soft tissues inside the cranium are modelled as
tetrahedral elements. The material properties used were taken from the literature,
some of which were averaged from several values. All of the materials are considered
to be linear elastic, with the exception of the brain tissue, which was considered to
be viscoelastic. The CSF was artificially made into a fluid element by removing the
ability of those elements to resist shear deformation. The simulations with this model
were run in LS-DYNA, under impact loading conditions with a free neck boundary
condition. While this group did not propose an alternative criterion to the HIC, they
did indicate that the ventricles provided a protective effect in the central area of the
brain.
A group at Sandia National Laboratory constructed another model based on the
segmentation of the VHP. Major structures segmented in the head were the skull,
white matter, gray matter, CSF, and air in the sinuses. [19] The material model
considered for the skull was a compressible, linear elastic, perfectly plastic material,
which used accumulated strain to failure for the fracture criterion. The gray and
white matter are modelled as compressible viscoelastic materials, with elastic com-
pressible equations of state for the volumetric response, and a three term Maxwell
viscoeastic model for the deviatoric response. The CSF is modelled as essentially an
incompressible fluid with the properties of water, and the sinuses are modelled as dry
air. The blast simulations were carried out using the CTH shock physics wave code,
which is an Eulerian finite volume code. The head model was subjected to front,
rear, and side blasts, with the intensity of the blast wave set at the limit of blast
lung injury survivability as defined by the Bowen curves, corresponding to a peak
overpressure of approximately 1.3 MPa. The head model predicted shear stresses
similar to that of head impacts, where the shear supporting materials of the skull
and brain tissue exhibit shear wave behavior, which was magnified at the boundaries
of the materials. The model also predicted significant pressures and shear stresses at
these focal regions of the brain.
One final model was created by a group at the Illinois Institute of Technology,
in order to determine the effects of transcranial magnetic stimulation (TMS) on the
brain. Previous models were limited in their resolution, limiting the accuracy of
simulating these effects. The model that was created to begin this simulation was
built from MRI and CT data. From these images, six major parts of the head were
identified; the scalp, the skull, the CSF, gray matter, white matter, and ventricles.
The model was segmented using the Mimics software; the skull was segmented based
primarily on CT data, whereas the soft tissue was segmented based on MRI data. [4]
The mesh was created in two steps, with the final mesh representing a combination of
these two intermediate meshes. The first step was to create a three dimensional mesh
of the geometry, making only tetrahedral elements, an easy and efficient meshing
procedure. The second intermediate step was to create a mesh based on an a priori
three dimensional geometry, which is more difficult, due to the necessity of obtaining
or creating this geometry, but the benefit is that hexehedral elements can be created
if desired. The material assignments were made based on the geometry segmentation
map for the tetrahedral elements, and one part at a time by hand for the hexehedra.
These two meshes were combined, in order to create a robust model with well defined
properties for each part. The mesh was created in ICEM CFD, using the Octree
algorithm. A submodel was also created, in order to capture the microscopic scale
structures that are required for TMS simulation. For this submodel, cylinders were
added into the gray matter, dimensionally appropriate for true cortical columns.
1.3 Objective
The objective of this thesis is to study different facial protective devices for improved
mitigation of blast-induced traumatic brain injury. To this end, the solid models of
two different kinds of helmets were merged with the full head model to determine their
potential to reduce the overpressure inside the intracranial brain tissue and the skull.
The simulation framework was validated against experimental blast results from the
Carderock division of the Naval Surface Warfare Center. Moreover, a second step
towards the design of a more effective blast protection mechanism is given through
the addition of a faceshield or goggles to each of the considered helmets.
Chapter 2
Description of Decimated Head
Model
2.1 Generation of geometry
The FHM used in this work was created through the segmentation of CT and MRI
data, using the AMIRA software package. Structures in the head were identified
visually through grayscale differences, aided by a reference atlas of the head. Each
structure identified in the head was interpolated through all the slices taken from
the VHP, to create surfaces for each of eleven structures. The structures identified
during the segmentation process are the CSF, the eyes, the glia, the gray matter,
the muscle, the sinuses, the skin and fatty tissue, the skull, the venous cavities, the
ventricles, and the white matter. The geometry was exported in the TIN format for
use in Ansys ICEM CFD.
Once in the ICEM CFD environment, the structures inside the head were scaled
to a size more appropriate for quality element generation. The geometries of the
structures were otherwise left unaltered, to preserve the anatomical features within
the head.
2.2 Helmet and padding geometries
A geometry for the Advanced Combat Helmet (ACH) was provided by Natick Soldier
Research, Development and Engineering Center (NSRDEC). However, the quality of
that geometry was extremely poor, leading to elements with very low quality when
meshed. This led to a need to recreate the geometry, in order to increase the quality
of the mesh. A set of contours was created across the top of the initial ACH geometry
going from the front of the helmet to the back. These contours were used to segment
the ACH geometry into strips. Since the edge of the helmet was the most troubling
feature of the initial geometry, this was a particular focus in the recreation process.
The edge of the helmet was defined by creating a line at the ends of each strip, then
using those end points as the end point for the strips adjacent to it. In this way, a
smooth boundary for the helmet was constructed. Once the curves were created, all
of the original surface strips were deleted.
From the set of curves, new b-spline surfaces were generated. These surfaces
smoothed the features of the original geometry that caused the problem elements.
When a full set of new surface strips was created, the strips were combined into wider
groupings. The top of the helmet was created as one surface, and each protrusion that
goes over the ears as another. These three surfaces could not be reapproximated into
one surface without losing definition of the helmet, so the surfaces were converted into
faceted surfaces. From there, they were merged to create one single surface defining
what will become the interior of the ACH; this surface had a clean edge and a well
defined surface.
In order to create a volume for the helmet, the faceted surface was converted into a
surface mesh. This was done because mesh extrusion is a simple, well defined method
for creating a second surface above the initial surface. The mesh can be extruded a
certain distance, creating another surface mesh, this one defining a full volume. As
this mesh cannot be made to be conformal with a mesh created from the rest of the
head geometry a posteriori, the surface mesh of the helmet is converted back into a
faceted surface. This new faceted surface represents all three necessary surfaces of the
helmet; the interior, the exterior, and the bottom surface that connects those two.
This geometry for the ACH can then be added to the geometry of the head, leading
to a geometry which can be used to create a conformal mesh of the entire model.
As the Enhanced Combat Helmet (ECH) was also to be added to the model, a
geometry needed to be created for it as well. The ECH shares the same basic geometry
as the ECH, but is nearly twice as thick, and is constructed out from a different
material. To create this geometry, the interior surface of the ACH was selected, and
its associated surface mesh generated. When that surface mesh was extruded, it was
extruded to the new thickness associated with the ECH. The extruded mesh was
converted back into a faceted surface, for inclusion in a geometry for conformal mesh
generation.
Also necessary for blast simulations with the ACH and ECH is the standard
padding geometry. The padding was provided by NSRDEC in the form of a mesh.
This mesh was coarsened to eliminate several small pieces of padding which were
represented by low quality elements and to simplify the edges of the pads for when
the mesh would be converted into a set of surfaces. Once the mesh was coarsened,
the mesh was converted into a set of faceted surfaces, in the same manner that the
helmets were converted from meshes to geometries.
2.3 Assembling of geometries
The first step in assembling all of the geometries was to correctly scale and orient all
of the pieces so that they formed a coherent model. The structures of the head were
considered to be the baseline to which the helmets and padding were compared. The
padding needed to be scaled, rotated, and translated until it was located correctly
on the head model. Once the padding was positioned, the helmets were added.
The helmets simply needed to be scaled, as the geometry was created in the correct
orientation and position to start. The geometry of the DHM in varying levels of
assembly is shown in Figure 2-1.
Once the parts were assembled, the issue became conformality. The structures
(a) Cerebrum with CSF
(c) FHM exterior (d) FHM with ACH
Figure 2-1: Images of some parts in the FHM geometry with helmet and padding.
inside the head already formed a conformal mesh. A complication arose when at-
tempting to add the pads and one of the helmets. The mesh generated when the
different geometries were placed such that the interior surface of the pads rested on
the exterior surface of the skin and the exterior surface of the pads rested on the in-
terior surface of the helmet was neither completely coincident nor, more importantly,
conformal. To remedy this, the geometries of the pads and the helmet were arranged
in such a way that the padding actually intersected the exterior of the skin and the
interior of the helmet. This would ensure that the boundary of the intersections would
be completely coincident and the volume meshes created would be entirely conformal
with each other.
2.4 Mesh Generation
The mesh was created in Ansys ICEM CFD, using the Octree algorithm. The seed size
used in this mesh was selected to generate a mesh that was as coarse as possible while
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(b) Skull with CSF
still maintaining a high degree of anatomical accuracy. The mesh generated with this
algorithm created surface meshes associated with the surfaces of the geometry and a
set of volume meshes. The volume meshes needed to be identified as to which part in
the geometry they belonged to; this was done by hand, using the surface meshes as a
guide when the part was not visually identifiable. For the mesh containing the ACH,
the mesh had approximately 440,000 elements. The HealMesh optimization library
was used to eliminate bad quality tetrahedra.
During the volume mesh association, there were sections of elements which could
be assigned into a pair of parts in the geometry; either the skin and pads, or the
pads and helmet. These sections were the sections of elements which represent the
intersections of the geometries. As a rule, when such a section was identified, it was
associated with the structure that was located on top; that is, in the skin and padding
pairs, the elements went into the padding, and in the padding and helmet pairs, the
elements were associated with the helmet.
When the mesh was created with the same seed size used to mesh the ACH, the
model containing the ECH failed partway through the simulation, due to excessive de-
formation of the elements in the ECH. To remedy this, the ECH mesh was completely
recreated, using a smaller seed size. The volume meshes were then reassociated with
the surface meshes, according to the same rules for part and intersection association
as previously used. The final mesh used in simulations had approximately 880,000
elements. The HealMesh library was used in the creation of this mesh as well.
The FHM was deemed to have excessive detail for the purposes of the present
study, so a decimated model was created in order to obtain the same conclusions
regarding blast protection at a much smaller computational cost. Once the meshes
were created and associated with the correct parts of the geometry, there was one final
step necessary to turn the FHM into the Decimated Head Model (DHM). The eleven
structures that were differentiated in the FHM were grouped into four materials which
had similar material properties. The skin, fat, and muscle were grouped into one part,
which could be assigned generalized properties for soft tissue. The glia, gray matter,
and white matter were combined into a part which could be assigned properties of
(a) Cerebrum with CSF
(c) DHM exterior (d) DHM with ACH
Figure 2-2: Images of some parts in the DHM mesh with helmet and padding.
homogenized brain tissue. The CSF, eyes, sinuses, venous cavities, and ventricles
were grouped into a part which could be assigned the properties of a fluid closely
resembling water. The skull remained a separate structure to which were assigned
the material properties of cranium bone. The mesh counterparts of the geometry
structures within the DHM are shown in Figure 2-2.
2.5 Material models and properties
The constitutive models used for these simulations were chosen to accurately recreate
the propagation of stress waves inside the structures of the head and inside the PPE as
transmitted to those structures from the blast wave. Equations of state which were
appropriate to each material type were selected for the volumetric response. The
deviatoric recoverable response for each material was defined with a nonlinear elastic
model. One final modelling assumption was that of a linear viscous dissipation model
for the tissues in the brain. These assumptions allow the models to be quantified
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(b) Skull with CSF
with a small number of parameters, most of which can be identified with a reasonable
degree of certainty.
The Hugoniot equation of state, a widely used description of the shock response
of solid materials, was adopted as the material model of the skull.
p POC(1 - (2.1)
[1 - s(1-J)]2
In this equation, p is the pressure, J is the local volume change as represented
by the determinant of the deformation gradient tensor, and Co and s are parameters
defined by the material. For all other structures in the head, the Tait equation of
state has been used, as this is commonly used when modelling fluids being subjected
to large pressure differences.
p = B J-(ro+±1) 1 (2.2)
Here, B and Fo are material parameters. The Tait equation of state provides a
reasonable representation of the volumetric response of soft tissues embedded in a
fluid.
The elastic deviatoric response was obtained using the neo-Hookean model, as
extended to the compressible range. In this model, the strain energy density is given
by:
W(C) = log2J -[log J+ (Il -3) (2.3)
where p and A are the Lam6 constants and I1 is the first invariant of the right
Cauchy-Green deformation tensor.
The constitutive model of each material is characterized by a linear viscosity
model, added to both the elastic and deviatoric response. This model is defined using
the Cauchy stress components:
- = o l + ore!" + 2epedv" + redi (2.4)
Material Density (kg/m 3 ) K (Pa) G (Pa) K y CO s
Skull 1412 3.86e9 2.665e9 0.0 0.0 1850.0 0.94
Table 2.1: Material Properties for Skull
Material Density(kg/m 3) K (Pa) G (Pa) K pU FO
CSF 1040 2.19e9 4.38e2 1.0e3 0.0 6.15
Cerebrum 1040 2.19e9 2.253e4 1.0e3 0.0 6.15
Skin/Fat 1100 3.479e7 5.88e6 1.59el 0.0 6.15
Table 2.2: Material Properties for CSF, Cerebrum, Skin/Fat
where dj are the components of the rate deformation tensor, and P, and K are
the deviatoric and volumetric viscosity parameters, respectively.
The material properties for the tissues used were taken from literature data, and
are listed in Tables 2.1 and 2.2.
When subjected to blast loading of the intensity used in this study, the response
of the materials used in the PPE remains well within the elastic regime. This fact
justifies the use of a neo-Hookean elastic model for the response of these materials.
Standard properties for Kevlar and foam were used for the helmet and padding. These
properties, listed in Table 2.3, were taken from literature values.
2.6 Simulation
The simulations were run using an extension of the Virtual Test Facility (VTF) to
simulate the interactions of the model with a blast wave. The VTF is a software
package which runs on parallelized computing platforms, incorporating computational
fluid dynamics and solid mechanics solvers coupled through a framework to allow fully
coupled simulations of blast wave loading on solids. Constitutive models describing
the various materials in the simulation are added to the solid mechanics solver. A
Material Density(kg/m 3) E (Pa) v
ACH 1440 1.24e9 0.36
ECH 1157.2 14.786e9 0.36
Padding 136 8.0e6 0.2
Table 2.3: Material Properties for ACH, ECH, Padding
Figure 2-3: VTF simulation setup
blast wave initialization code has been integrated into the code in order to simulate
blast waves of an arbitrary intensity. This code allows the characteristics of the blast
wave to be specified by the type, mass, and location of the explosive. For this study,
the blast was characterized by 3.16 g of TNT in a free air explosion at an 0.12 m
standoff distance. The blast wave travels directly toward the front of the face, as seen
in Figure 2-3. The simulations were run to a final time of 1 millisecond, in order to
assess the intracranial response to the blast wave during the time when the pressures
inside the head are the greatest, and the potential reductions in pressure due to the
added PPE will be identifiable.
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Chapter 3
Comparison of Numerical
Simulations with Carderock
Experiments
3.1 ACH Side Blasts
3.1.1 Carderock Experiments and Results
The Naval Sea Systems Command (NAVSEA) Warfare Centers, Carderock Division,
ran a set of physical experiments in order to determine pressures inside the head
subjected to blast loading conditions. The approach was to heavily leverage pre-
vious results developed by Joint Improvised Explosive Device Defeat Organization
(JIEDDO) funded programs focused on blast-induced TBI to extend and implement
advanced biofidelic computational models of blast-head-PPE interactions. Material
models from the University of California San Diego (UCSD) for the unique deforma-
tion and energy dissipation mechanisms provided by Ultra High Molecular Weight
Polyethylene (UHMWPE), and validate these against instrumented dummy blast
tests. They tested two different helmet configurations, the standard ACH, and a
standard ACH to which had been added a thin layer of UHMWPE. They created
mannequins with a brain simulant gel, a polymer skull, and a silicon polymer flesh
Figure 3-1: Carderock experimental setup
E
(a) Top view of sensor locations (b) Side view of sensor locations
Figure 3-2: Carderock sensor locations
simulant, onto which they placed the ACH. The mannequins were subjected to side
blasts, at five different standoff distances ranging from 3.5 to 10 feet. The exper-
imental setup can be seen in Figure 3-1. These experimental results will be used
to validate the fully coupled three-dimensional simulations of integrated PPE and
biofidelic head model subjected to blast conditions.
Pressure measurements were taken from five sensors located in and around the
mannequin; the locations of the sensors are shown in Figure 3-2. The peak pressures
recorded by each sensor at each standoff distance are shown in Figure 3-3 below. Due
to issues of sensitivity, the scales for any pressure results throughout this chapter have
been removed.
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Figure 3-3: Peak Overpressures recorded during Carderock experiments
Material Density(kg/m 3) K (Pa) G (Pa) r t
Gel 890 2.87e9 3.5e4 0.0 0.0
Skull 1412 3.86e9 2.664e9 0.0 0.0
Table 3.1: Material Properties for Gel, Polymer Skull
3.1.2 ACH Side Blast Simulation Results
To simulate the Carderock tests, the same ACH mesh used in simulating front blasts
for selection of facial protective devices was used. The simulations were simply ini-
tialized with a different energy and with the blast front approaching the left ear of
the FHM as opposed to the eyes. A visualization of the simulation setup is shown
in Figure 3-4. Precise properties for the tissue simulants used in the Carderock ex-
periments were not provided, so typical gel and polymer properties were assumed.
The properties used in the simulations are listed in Table 3.1. The simulations were
initialized with properties of a blast corresponding to 60 g of Pentolite at the five
different standoff distances.
The results of initial simulations yielded results similar to the Carderock experi-
ments, showing the correct trends of peak pressures when compared to experiments.
These results are shown in Figure 3-5. However, there were significant differences in
the values of peak pressure for all five sensors at all five standoff distances. While
these discrepancies have a variety of sources, the main cause is that the properties
I Sensor C
4 Sensor D
4 Sensor E
4 Sensor G
* Sensor N
A ~ ce
Figure 3-4: Carderock simulation setup
Material Density(kg/m 3) K (Pa) G (Pa) r pS
Gel 890 2.87e9 3.5e5 0.0 0.0
Skull 1412 3.86e9 2.664e8 0.0 0.0
Table 3.2: Adjusted Material Properties for Gel, Polymer Skull
used in simulation were not quite accurate when compared to the mannequin prop-
erties. The results from sensor C, which is closest to the blast, and should therefore
be the sensor with the closest correlation in peak pressure, indicated that the energy
of the simulated blast wave was not high enough. To compensate, the initialization
energy was increased. Examining the pressure histories at the other sensors indicated
large oscillations in pressure, which led to the decision to increase the shear modulus
of the brain simulant and to decrease the shear modulus of the skull simulant. The
adjusted properties are listed in Table 3.2.
One simulation, at the 4 foot standoff distance, was run in order to determine
the validity of these changes. The peak pressures at each sensor are presented in
Figure 3-6 below. The change in the material properties in all cases brought the
simulation results closer to the pressures obtained in the Carderock experiments.
The favorable correlation of the peak pressure data obtained from simulation to the
experimental results for the ACH indicated that the dual layer helmet configuration
could be simulated with reasonable accuracy.
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Figure 3-5: Peak pressure comparisons between simulations and Carderock experi-
ments
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Figure 3-6: Peak pressure comparisons after material property changes
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Figure 3-7: Dual Layer helmet geometry
3.2 Dual Layer Side Blasts
3.2.1 Dual Layer Helmet Simulation
Formulation of Dual Layer Helmet Geometry
The basis of the dual layer helmet configuration was the FHM with ACH attached.
To create the additional layer of UHMWPE on the helmet, a mesh of the ACH was
created. The exterior surface of this mesh was then extruded to the appropriate
thickness as a new part, in order to facilitate the assignment of different material
properties to this new layer. The extrusion had to be done with reversed normals, so
that the extrusion would occur on the exterior of the helmet rather than the interior.
Once this new mesh part was created, the mesh was converted into a surface geometry.
The "Build Topology" feature within Ansys was used to eliminate any differences in
the surfaces defining the exterior of the ACH and the interior of the UHMWPE layer.
The final geometry can be seen in Figure 3-7.
Once the geometry was created, the mesh was produced using the same element
seed size as was used for the ECH, as the full geometry of the helmet configuration,
with the added layer of UHMWPE, more closely resembled the ECH than the ACH.
This seed size also forced the meshing algorithm to respect the UHMWPE layer
boundary, as the seed size was not larger than the thickness of the UHMWPE layer.
The mesh of the dual layer helmet model is shown in Figure 3-8. Figure 3-9 shows
an axial cut plane of the meshes of both the ACH and the dual layer helmet, in
Figure 3-8: Dual Layer helmet mesh
Figure 3-9: ACH (left) transformed into dual layer helmet(right)
order to illustrate the difference in the helmet configuration with the addition of the
UHMWPE layer covering the ACH.
As these simulations are merely an initial effort, for ease of simulation the UHMWPE
was modelled as a neo-Hookean solid, with properties as listed in Table 3.3. The in-
corporation of the UCSD material model is left for the continuation of this work in
the future.
Dual Layer Helmet Side Blast Simulation Results
The dual layer helmet presented blast wave response behavior that was significantly
different from that of the ACH. Figure 3-10 shows pressure contours which correspond
Material Density(kg/m 3) E (Pa) v
UHMWPE 1200.0 66.69e6 0.485
Table 3.3: Material Properties for UHMWPE
to the ACH simulation in the left column and pressure contours which correspond
to the dual layer helmet simulation in the right column. The differences in the time
are due to the blast initialization locations; however, the images were selected to
correspond to the same position of the blast front for both simulations. The difference
in the pressure response is not noticeable until the third image in each figure, at which
point the stresses have travelled through the ACH underneath the UHMWPE layer,
whereas in the simulation with the ACH alone, by this point, the negative phase
of the blast wave has already begun propagating through the helmet. There has
also been a reduction in the stresses inside the intracranial cavity, particularly in
the portions of the head underneath the padding. The stresses then are transmitted
through the padding to the head. This transfer occurs through the same pathway in
both simulations, though with an increased pressure in the dual layer helmet. By the
final image, the intracranial stresses are attenuating in both simulations. The biggest
difference in the two simulations can be seen in the helmet shells, as the ACH carries
a much higher load throughout the simulation.
Figure 3-11 shows pressure histories for the three sensors located within the in-
tracranial cavity. All three of the sensors indicate that the most significant improve-
ment in the dual layer helmet over the ACH is the elimination of rapid pressure
fluctuations, particularly within the first 0.2 ms. The late developing peak in the
dual layer helmet Sensor N, located directly beneath the top pad inside the helmet,
indicates the impulse being transferred to the head through the padding is indeed
larger than that which is transferred in the ACH simulation.
3.3 Conclusions
As demonstrated by the correlation between the simulation and experimental data
for the ACH, the blast wave simulations can be considered sufficiently validated for
use in predicting the response of the FHM with added protection devices to the
overpressure wave produced by a blast. However, further experiments are required to
determine the validity of the dual layer helmet results, along with the implementation
Figure 3-10: Pressure contours from ACH, dual layer simulations
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Figure 3-11: Pressure profiles from intracranial pressure sensors
of a material model which better characterizes the behavior of the UHMWPE.
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Chapter 4
Description of Decimated Head
Model with Personal Protective
Equipment
4.1 Decimated Head Model with Advanced Com-
bat Helmet + Faceshield
4.1.1 Formulation of ACH faceshield geometry
In order to lessen the effects of the blast overpressure travelling through the head, a
faceshield was added onto the geometry of the ACH. The geometry of this faceshield
was created by first segmenting the curve defining the facial edge of the ACH. This
curve was chosen in order to ensure that the synthesized faceshield geometry would
be coincident with the ACH. The curve was then replicated at fixed vertical intervals
until it reached the bottom of the head geometry. The curves were scaled in order
to prevent them from intersecting the face at any point. Each curve was extended
laterally until it reached the edge of the helmet at that particular vertical location.
Where the curves were below the helmet, the curve was extended until it reached
beyond the hole in the layer of skin representing the ear canal on each side. Vertical
Figure 4-1: ACH with matching faceshield geometry
lines were generated between the ends of the vertical stack of curves in order to create
the rear edge of the faceshield.
These curves were used to generate a set of b-spline surfaces, employing the same
technique used to regenerate the geometry for the ACH. Attention was paid to the
edge of the faceshield where it meets the helmet; the surfaces were created using
sections of the curve defining the helmet edge, to ensure that these edges of the
faceshield would be coincident with the helmet. These strips of b-spline surfaces
were reapproximated and combined until one, smooth surface was created for the
faceshield. The entire surface was then carefully reapproximated to realign the edge
curves of the helmet and the faceshield.
A surface mesh of the faceshield was then created. This mesh was extruded in the
same manner as the surface of the ACH, and to the same distance. The extruded mesh
was then converted back into a geometrical surface, which was then reapproximated
to match the edge of the outer surface of the helmet. The surfaces defining the top,
bottom, and backs of the faceshield were easily generated from the defined curves,
in order to make a fully closed volume defining the faceshield. The geometry for the
ACH with matched faceshield is shown in Figure 4-1.
... .. ...................................................................... .   ..........
4.1.2 Mesh generation
Once the faceshield geometry was produced, a volume mesh needed to be created for
simulations to be run with the faceshield added to the ACH. The mesh was assigned
the same element seed size as was used in the creation of the original ACH mesh,
in order to maintain similar element sizes and numbers in relation to the original
mesh. However, despite the care taken to generate volumes which shared curves and
surfaces, the mesh generated with the Octree algorithm was nonconformal along the
border of the facehield and the ACH. A deep crack formed at the boundary, which
would lead to large stress concentrations when subjected to blast loading. A new
mesh was required.
After multiple iterations of remeshing to recreate the mesh, the crack between the
ACH and the faceshield remained. A conformal mesh was still necessary, therefore,
a new strategy was needed. This led to the segmentation of the surface defining
the bottom of the ACH into two parts; the section which is above the faceshield
and the section defining the rest of the bottom of the helmet. The section of that
surface above the faceshield was removed from the model, as was the top surface of
the faceshield itself. A mesh was created of this adapted geometry, using the same
element seed size as used in the generation of the ACH mesh. This attempt at mesh
generation was successful in creating a mesh that was conformal along the boundary
of the faceshield and ACH, without the formation of a crack at that interface. The
downside of this method of conformal mesh generation was that the helmet and the
faceshield were created as a conjoined mesh, as one part rather than two. The final
mesh can be seen in Figure 4-2, where the fact that both parts are the same color is
indication of their conjunction.
4.1.3 Faceshield material model
The conjoining of the helmet and faceshield was deemed to be an acceptable com-
promise for this model, as the planned material model and material properties for
the faceshield were to be the same as those used for the Kevlar of the ACH. The
Figure 4-2: ACH with matching faceshield mesh
Material Density(kg/m 3) E (Pa) v
Faceshield 1440 1.24e9 0.36
Table 4.1: Material Properties for ACH Faceshield
properties used are listed in Table 4.1.
4.2 Decimated Head Model with Enhanced Com-
bat Helmet + Faceshield
4.2.1 Creation of ECH faceshield geometry
A faceshield similar to that created for use with the ACH was created for the ECH.
The single surface defining the interior surface of the ACH faceshield was aligned with
the boundary of the ECH. This surface was carefully reapproximated to match the
edge curve of the ECH, in order that the two pieces would be represented with the
same curve.
A surface mesh of the faceshield was created. The mesh was extruded to the same
thickness as the ECH. The extruded mesh was then converted back into a geometrical
surface, which was then reapproximated to match the edge of the outer surface of the
helmet. The surfaces defining the top, bottom, and backs of the faceshield were easily
............ ........................................................... . ..................... 
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Figure 4-3: ECH with matching faceshield geometry
generated from the defined curves, in order to make a fully closed volume defining
the faceshield. The ECH with matched faceshield is shown in Figure 4-3.
4.2.2 Mesh generation
Once the faceshield geometry was created, a volume mesh needed to be generated.
The mesh was assigned the same element seed size as was used in the creation of the
original ECH mesh, in order to maintain similar element sizes and numbers in relation
to the original mesh. As with the addition of the faceshield to the ACH, meshing the
combination of faceshield and ECH created a deep crack along the boundary between
the two parts, requiring a new mesh.
Again, after multiple iterations of remeshing to recreate the mesh, the crack be-
tween the ECH and the faceshield remained. This led to the segmentation of the
surface defining the bottom of the ECH into two parts as was done for the ACH; the
section which is above the faceshield and the section defining the rest of the bottom
of the helmet. The section of that surface above the faceshield was removed from
the model, as was the top surface of the faceshield itself. A mesh was created of this
adapted geometry, using the same element seed size as used in the generation of the
ECH mesh. This attempt at mesh generation was successful in creating a mesh that
was conformal along the boundary of the faceshield and ECH, without the creation
Figure 4-4: ECH with matching faceshield mesh
Material Density(kg/m3 ) E (Pa) v
Faceshield 1157.2 14.786e9 0.36
Table 4.2: Material Properties for ECH Faceshield
of a crack at that interface. The downside of this method of conformal mesh genera-
tion was that the helmet and the faceshield were created as a conjoined mesh, as one
part rather than two, as was the case with the ACH. The final mesh can be seen in
Figure 4-4, where the fact that both parts are the same color is indication of their
conjunction.
4.2.3 Faceshield material model
The conjoining of the helmet and faceshield was deemed to be an acceptable compro-
mise for this model, as the planned material model and material properties for the
faceshield were to be the same as those used for the ECH. The properties used are
listed in Table 4.2.
4.3 Decimated Head Model with Advanced Com-
bat Helmet + Goggles
4.3.1 Creation of goggle geometry
The goggles created for use in this study were based on those used for skiing or
for motorsports, as they provide more protection for the facial orifices through the
faceplate of the goggles. The goggles were created by first using standard geometry
shapes within ICEM CFD to generate flat ellipses, which were positioned over the
eyes of the head model. Each ellipse was then copied forward along a vector normal
to the plane of the ellipse, away from the head. An elliptical cylinder was created
over each eye by connecting the perimeters of the two ellipses with a third surface.
The cylinders were hollowed out by creating a scaled down elliptical curve on the
faces of the cylinders, segmenting the faces, and removing the center section to create
two elliptical tubes. The halves of the tubes closest to the nose were removed as well.
The two remaining half tubes were connected to each other, to create an enclosed
ring extending across the eyebrows around the eyes, and across the cheeks.
A faceplate was created for the goggles by, once again, segmenting the boundary
curve of the helmet. The curve was aligned with the ring of padding around the face,
and several copies made at vertical intervals until it covered the entire height of the
ring. These curves were then either segmented or extended as necessary to meet the
curves defining the edge of the ring of padding. From these curves, b-spline surfaces
were created, then merged into one surface defining the faceplate. The faceplate was
then copied and projected forward, in order to create a volume. Surfaces defining the
edge of the faceplate volume were created across the thickness, to close the volume
geometry.
For both the faceplate and padding of the goggles, a separate, preliminary mesh
was generated. These single part meshes were used to regenerate a geometry for each
part that would enclose a watertight volume. The goggle faceplate and padding are
shown in Figure 4-5. The recreated geometries then simply replaced the initial geome-
(a) Front view of goggle geometry (b) Rear view of goggle geometry
Figure 4-5: Images of created goggle geometry
(a) Front view of DHM + goggle geometry (b) Side view of DHM + goggle geometry
Figure 4-6: Images of created goggle geometry positioned on the DHM
tries for these two parts in the overall DHM and PPE geometry. These intermediate
steps were taken so that when the full DHM with helmet and goggles was meshed,
the volume meshes of the faceplate and goggle padding would properly respect the
surfaces of the geometry. Figure 4-6 shows the goggles as positioned on the exterior
of the DHM.
4.3.2 Mesh generation
To ensure the conformality of the mesh at the boundary of the skin and the padding,
the ring of goggle padding was partially buried within the geometry of the skin. When
meshed, the volume elements that fill the intersecting geometries can be individually
assigned to the correct parts. Each of these intersections was assigned to the tissue
mesh it also occupied, leaving the only mesh defined as padding as that which was on
the exterior of the skin. The resulting conformal mesh can be seen in Figure 4-7. The
. ............. ... 
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(a) Front view of DHM + goggle mesh (b) Side view of DHM + goggle mesh
Figure 4-7: Images of created DHM + goggle mesh
Material Density(kg/m 3) E (Pa) v
Faceplate 1440 1.24e9 0.36
Padding 136 8.0e6 0.2
Table 4.3: Material Properties for ACH Faceplate, Padding
additional pads on the top of the head, depicted in the same color as the padding of
the goggles, are shown to indicate the combination of these two structures into one
part for simulation with the same properties.
The padding and faceplate were likewise intersected, again, to eliminate issues with
conformality. The intersecting elements in this case were assigned to the faceplate,
to maintain a smooth boundary of that part.
4.3.3 Goggle material models
The planned material model and material properties for the faceplate were to be the
same as those used for the Kevlar ACH. The padding was simulated with the same
material model and parameters as the padding inside the helmet. The properties
used are listed in Table 4.3.
(a) Front view of ECH + goggle mesh
Figure 4-8: Images of ECH + goggle mesh
4.4 Decimated Head Model with Enhanced Com-
bat Helmet + Goggles
4.4.1 Creation of goggle geometry
As the goggles themselves, once created, are a completely separate entity from the
helmets, the goggles and padding created for use with the ACH were incorporated
into the geometry with the ECH, without making any changes to them.
4.4.2 Mesh generation
The same steps taken to ensure the conformality of the mesh in the ACH simulations
were taken when employing the goggles with the ECH, including embedding the goggle
padding into the geometry of the head and embedding the goggle faceplate into the
goggle padding.
The full mesh for the DHM, ECH, and goggle model is shown below in Figure 4-8.
The separation of the goggle faceplate and the ECH into separate parts is indicated
by the different colors of the parts. This separation results in two parts which can be
assigned separate material properties during simulation.
(b) Side view of ECH + goggle mesh
Material Density(kg/m 3) E (Pa) v
Faceplate 1440 1.24e9 0.36
Padding 136 8.0e6 0.2
Table 4.4: Material Properties for ECH Faceplate, Padding
4.4.3 Goggle material models
The material models and properties of these goggles were selected to be the same as
those used in the previous model of the goggles. The properties used are listed in
Table 4.4.
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Chapter 5
Results and Discussion
5.1 Pressure contours from each simulation
Figure 5-1 shows the progression of the blast wave as it interacts with the head and
ACH related PPE. The images show the pressure fields in both the fluid and solid
domains. In order to observe behavior on the interior of the head, the solid structures
are shown with partial cuts in the axial and sagittal planes.
The images in the left column of Figure 5-1 correspond to the simulation of the
DHM with the addition of the ACH alone. The blast wave impinges on the helmet at
0.017 ms, and the head itself at 0.045 ms. The helmet does not protect the face and
as such allows direct transmission of the blast wave into the cranial cavity through
the soft tissue. In the image at t = 0.06 ms, the initial overpressure can be seen as
a bright red region on the upper portion of the face. By t = 0.231 ms, the negative
phase of the blast wave has reached the head, producing regions of underpressure
in the soft tissue of the face, seen in the image as the darker blue region near the
eyes. The region of negative pressure near the CSF introduces the possibility of fluid
cavitation in the area behind the eyes; it is known that cavitation behavior is inhibited
by the poroelastic and viscoelastic behavior of the material, the effects of which are
outside the scope of the work presented in this thesis and are thus left for future
work. However, the ACH prevents the underpressure from directly reaching the upper
portions of the head, reducing the underpressure observed in the upper portion of the
cranial cavity, as opposed to the lower portion near the face. Also at t = 0.231 ins, it
can be observed that the pressure wave has travelled faster through the skull than it
has through the surrounding soft tissue of the brain tissue or skin, leading to higher
pressures within the bone at the sides and the back of the head than are observed at
similar locations in the soft tissues. With the reduced underpressure at the front of
the brain, the ACH protects the upper region of the head from potential cavitation.
While this reduction would seem to indicate that the ACH is purely beneficial, the
padding of the ACH acts as a transmission pathway for the impulse of the blast wave,
allowing it to travel from the shell of the ACH through the foam padding to the skull.
These higher pressures lead to significant pressure oscillations inside the head that
continue throughout the simulation, as can be seen from the images at t = 0.406,
0.605, and 0.763 ms. The oscillations also highlight strong pressure discontinuities at
tissue interfaces. As the simulation progresses, the fluctuations in the pressure field
decrease in intensity, but occasionally cause pressure spikes at the tissue interfaces
due to the interaction of the various heterogeneous pressure waves that have reflected
from the skull into the intracranial cavity. Such wave interactions cause regions where
the pressure can become strongly negative, indicating regions where cavitation could
occur after the passing of the initial negative phase of the blast wave, despite the
current focus on the initial negative phase as the leading cause of cavitation. The
image of t = 0.763 ms shows a significant positive pressure which has developed
behind the eyes. This particular concentration has developed most likely from wave
reflections from the skull, but provides an indication that the soft tissue in the facial
region is a major pathway for the introduction of pressure into the intracranial cavity.
Also at this time, it can be seen that the stresses in the soft tissues of the brain and
skin have largely dissipated, yet the stresses in the skull remain noticeably high.
The introduced oscillations and pressures remaining in the soft tissue near the face
suggest that the ACH itself is not particularly conducive to mitigating the effects of
the stress waves transmitted to the intracranial cavity, as the main pathways for this
transmission are not located where the ACH is protecting the head, but rather are
located in the as yet unprotected facial region.
The middle column of Figure 5-1 corresponds to the simulation of the DHM with
both the ACH and faceshield added. The most obvious effect of the faceshield addition
is to prevent direct transmission of both the positive and negative phases of the
incident blast wave. The first load transmission from the blast wave to the head occurs
when the impulse applied to the helmet and faceshield reaches the head through the
foam padding at t = 0.232 ms, indicating a delay in the arrival of the stress waves at
the head. However, the impulse transmitted through the padding will be increased
by an amount equal to the impulse delivered by the blast wave to the faceshield. The
additional impulse can potentially be mitigated by limiting the magnitude of the stress
transmitted to the head by adapting the crushing stress of the foam padding, such that
it would be significantly lower than the reflected blast overpressure. However, work in
this area is also outside the scope of this thesis. The pressure response within the skull
in the ACH and ACH and faceshield simulations are similar up to t = 0.606 ms, with
propagating regions of overpressure and underpressure, higher pressures carried in
the skull, and significant pressure discontinuities at tissue interfaces all present in this
simulation as they were in the simulation with the ACH. It is the pressure response
within the intracranial cavity which differs significantly between the two simulations,
which can be directly correlated to the impeding of the transmission pathways through
the soft tissue of the face. The image at t = 0.764 ms, however, indicates that there
is an undesirable effect of the use of the faceshield: a late increase in the pressure
imposed on the surface of the face by the air trapped inside the faceshield, leading to
an increased pressure distribution inside the head. The delayed effect of the faceshield
stems from two different sources. The first of these is the generation of a pressure
wave in the air between the faceshield and the head due to physical deformation
of the surface of the faceshield. This effect can be lessened by varying the stiffness
of the material the from which the faceshield is constructed. The second source of
the delayed pressure rise is more of a concern for faceshield design. The faceshield
covers the external surface of the head up to the back of the ears. The shell of the
helmet, on the other hand, covers the entire circumference of the head, but only to
a certain distance from the top of the head. Despite the addition of the faceshield,
there is still an unprotected area in the lower rear portion of the head, which has
significant consequences. The shock wave wraps around the back of the faceshield,
then propagates toward the front of the face from each side of the head in the space
between the head and the faceshield. The waves from either side of the head meet at
the center of the face, causing a significant pressure with a fairly uniform distribution
within the faceshield-head interstitial space. This secondary pressure wave reflected
from the faceshield leads to a large and fairly uniform pressure distribution in the
brain tissue. One simple solution to prevent the blast wave from entering this space
would be to extend the shell of the helmet down.
The right column of Figure 5-1 corresponds to the simulation of the DHM with
the ACH and goggles added to it. The influence of the addition of the goggles to
the model are immediately obvious in the first image, at t = 0.062 ins. The goggles
nearly eliminate the blast wave transmission pathway through the soft tissues of the
face, but they introduce a new pathway, through the physical interaction between the
goggles and the head. As demonstrated by the small red region on the face under the
helmet, the blast wave is able to interact with the head through the small gap between
the lower edge of the helmet and the upper edge of the goggles. The image at t = 0.23
ms shows an increase in pressure in the front region of the brain tissue, due primarily
to the depression of the padding, both of the goggles and the helmet, against the
head. The strong localizations of the pressure seen in the faceshield simulation at
this same time have been distributed, as the goggles introduce a second load path for
the additional impulse from the surface of the goggles. Also at t = 0.23 ins, regions
of elevated pressure can be found on the sides of the face, from the depression of the
padding against the skin at those locations. The blast wave is still transmitted to the
head through the padding of the helmet, as can be seen in the images at t = 0.405,
0.608, and 0.761 ins. As before, these pathways lead to pressure oscillations within
the head and to pressure localizations underneath the pads themselves. However,
the goggles have had the beneficial effect of adding the secondary load path for the
pressure to be delivered to the head, thereby drastically reducing the intensity of the
pressure localizations beneath the pads of the helmet, the effects of which are most
noticeable in the front of the skull in all of the last three images. There are no regions
in which the pressure inside the brain tissue or CSF becomes very strongly negative,
greatly reducing the risk of cavitation within the head. An interesting result that can
be seen in the images at t = 0.405, 0.608, and 0.76 ms is that the skull carries less
pressure than in the previous two simulations. The last image at t = 0.76 ms indicates
the most significant difference due to the additional PPE added to the ACH. Where
the faceshield created a late time increase in pressure due to the trapped air between
the faceshield and the head, the padding of the goggles is a closed loop, preventing
the direct interaction of the blast wave with the air in front of the face after its
initial passing. The prevention of this interaction reduces the late time pressure rise,
allowing the pressure oscillations to continue to decay. Protecting the regions of soft
tissue near the face has had a beneficial effect on the response of the head to the blast
wave, in eliminating regions of large pressure localizations and reducing the late time
pressure rise observed with the faceshield, though the beneficial effects of the goggles
could be enhanced by extending the faceplate so that it reaches behind the edge of
the helmet.
Figure 5-2 shows the progression of the blast wave as it interacts with the head
and ECH related PPE. As with the pressure contours for the ACH related PPE, both
the fluid and solid domains are shown, with cuts in the axial and sagittal planes for
observing behavior within the head.
The images in the left column of Figure 5-2 correspond to the simulation of the
DHM with the addition of the ECH alone. The blast wave in this simulation impinges
on the helmet at 0.017 ms, followed by interaction with the head at 0.054 ms. In the
image at t = 0.06 ms, the initial overpressure can be seen as a bright red region
on the upper portion of the face. By t = 0.23 ms, the negative phase of the blast
wave has reached the head, producing similar regions of underpressure in the soft
tissue of the face compared to those seen in the ACH simulation, seen in the image
as the darker blue region near the eyes. The region of negative pressure near the
CSF introduces the same possibility of fluid cavitation in the area behind the eyes.
The ECH also prevents the underpressure from directly reaching the upper portions
Figure 5-1: Pressure contours from ACH, ACH + faceshield, ACH + goggle simula-
tions
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of the head, reducing the underpressure observed in the upper portion of the cranial
cavity, as opposed to the lower portion near the face. At t = 0.23 ms, it can be
observed that the pressure wave has again travelled faster through the skull than it
has through the surrounding soft tissue of the brain tissue or skin, leading to higher
pressures within the bone at the sides and the back of the head than are observed at
similar locations in the soft tissues. The same transmission pathway exists from the
helmet through the padding to the head in the ECH simulations, which gives rise to
similar pressure oscillations within the head for the duration of the simulation. The
oscillations highlight the same strong pressure discontinuities at tissue interfaces as
are seen with the ACH. As the simulation progresses, the fluctuations in the pressure
field decrease in intensity, but cause the same occasional pressure spikes at the tissue
interfaces seen previously, due to the interaction of the heterogeneous pressure waves
that have reflected from the skull into the intracranial cavity. Such wave interactions
continue to cause regions where the pressure can become strongly negative, indicating
regions where cavitation could occur after the passing of the initial negative phase of
the blast wave. Despite all of the similarities between the simulations of the ACH and
ECH, the simulations do diverge in some respects starting at t = 0.23 ms. The image
of the ECH at t = 0.23 ms shows a strong pattern of banding between large positive
and large negative pressures in the helmet shell, which can be seen throughout the
rest of the simulation. This banding likely indicates that the stiffness of the ECH,
approximately an order of magnitude higher than that of the ACH, allows it to carry
more of the blast loading, and due to internal dissipation of the stresses, reduces the
intensity of the stresses transmitted through the padding to the head. The higher
stiffness also decreases the time that it takes for the structure to respond to the
pressure variations, as the material is less capable of damping the variation.
The middle column of Figure 5-2 corresponds to the simulation where both the
ECH and its faceshield have been added to the DHM. As with the addition of the
faceshield to the ACH, it is obvious that the direct transmission of the positive and
negative phases of the blast wave has been prevented. The loading of the head has
been delayed until 0.232 ms, when the load is being applied through transmission
through the padding. The faceshield will increase the impulse of the blast delivered
to the head, due to the additional surface interacting with the blast wave, just as with
the addition of the faceshield to the ACH; also as in the case of adding a faceshield
to the ACH, the additional impulse can potentially be mitigated by limiting the
magnitude of the stress transmitted to the head by adapting the crushing stress of
the foam padding, such that it would be significantly lower than the reflected blast
overpressure. The pressure response within the skull in the ECH and ECH and
faceshield simulations are similar up to t = 0.606 ms, with propagating regions of
overpressure and underpressure, higher pressures carried in the skull, and significant
pressure discontinuities at tissue interfaces all present in this simulation as they were
in the simulation with the ECH. It is the pressure response within the intracranial
cavity which differs significantly between the two simulations, which can be directly
correlated to the impeding of the transmission pathways through the soft tissue of the
face. The image at t = 0.766 ms, however, indicates that the same undesirable effect
of the use of the faceshield appears: the late increase in the pressure imposed on the
surface of the face by the air trapped inside the faceshield, leading to an increased
pressure distribution inside the head. The delayed effect of the faceshield stems from
the same two sources as when the faceshield was added to the ACH; the deformation
of the faceshield and the reflection of the pressure wave that became trapped between
the faceshield and the head. The same banding effects in the helmet and faceshield as
seen in the ECH simulation are observed and are more pronounced, due to the added
material of the faceshield. A similar uniform large pressure is observed reflecting
into the brain tissue. Expanding the ECH helmet shell down would have the same
advantages towards eliminating this late time pressure rise. The banding seen in
the ECH and faceshield structure is an indication that the same dissipative behavior
due to higher stiffness is occurring, which will further reduce the loading that is
transmitted to the head. The higher stiffness is similarly decreasing the time that it
takes for the structure to respond to the pressure variations, as the material is less
capable of damping the variation. The benefits of adding the faceshield to the ECH
are the blockage of the direct transmission of the blast wave and the dissipative effects
of the ECH material, though the blast wave is still reflected from the interior of the
faceshield, leading to a uniform pressure increase similar to that seen in the ACH and
faceshield simulation.
The right column of Figure 5-2 corresponds to the simulation of the DHM with
the ECH and goggles added to it. The influence of the addition of the goggles to the
model are immediately obvious in the first image, at t = 0.062 ms. Again, the goggles
nearly eliminate the blast wave transmission pathway through the soft tissues of the
face, but they introduce a new pathway, through the physical interaction between
the goggles and the head. As demonstrated by the small red region on the face
under the helmet, the blast wave is able to interact with the head through the small
gap between the lower edge of the helmet and the upper edge of the goggles. The
image at t = 0.23 ms shows a similar increase in pressure in the front region of
the brain tissue as the previous simulation with goggles, again due primarily to the
depression of the padding, both of the goggles and the helmet, against the head. The
strong localizations of the pressure seen in the faceshield simulation at this same time
have been distributed, as the goggles introduce a second load path for the additional
impulse from the surface of the goggles. Also at t = 0.23 ms, regions of elevated
pressure can be found on the sides of the face, from the depression of the padding
against the skin at those locations. The blast wave is still transmitted to the head
through the padding of the helmet, as can be seen in the images at t = 0.405, 0.608,
and 0.761 ms. As before, these pathways lead to pressure oscillations within the head
and to pressure localizations underneath the pads themselves. However, the goggles
have had the beneficial effect of adding the secondary load path for the pressure to
be delivered to the head, thereby drastically reducing the intensity of the pressure
localizations beneath the pads of the helmet, the effects of which are most noticeable
in the front of the skull in all of the last three images. There are still no regions in
which the pressure inside the brain tissue or CSF becomes very strongly negative,
greatly reducing the risk of cavitation within the head. The same interesting result
that can be seen in the images at t = 0.405, 0.608, and 0.761 ms is that the skull
carries less pressure than in the previous two simulations. The last image at t = 0.761
ms indicates the most significant difference due to the additional PPE added to the
ECH. Where the faceshield created a late time increase in pressure due to the trapped
air between the faceshield and the head, the padding of the goggles is a closed loop
against the face, preventing the direct interaction of the blast wave with the air in
front of the face after its initial passing. The prevention of this interaction reduces the
late time pressure rise, allowing the pressure oscillations to continue to decay. The
banding seen in the ECH indicates that the same dissipative behavior due to higher
stiffness occurs in this simulation as well, reducing the loading that is transmitted
to the head. The higher stiffness is similarly decreasing the time that it takes for
the structure to respond to the pressure variations, as the material is less capable of
damping the variation. Protecting the regions of soft tissue near the face has had
the same beneficial effect on the response of the head to the blast wave as seen in
the previous goggle simulation, in eliminating regions of large pressure localizations
and reducing the late time pressure rise observed with the faceshield, though the
beneficial effects of the goggles could still be enhanced by extending the faceplate so
that it reaches behind the edge of the helmet.
5.2 Pressure profiles from each simulation
To provide a more quantitative measure to compare the effects of the various PPE,
pressure histories were extracted for select points within the skull and brain tissue.
The pressure profiles were extracted for five points in the head. Two points are
located in the skull: one in the upper half of the front, the other at the middle of the
back. Three points are located within the brain tissue: one towards the front of the
cerebrum, the other two in the center of the brain tissue, located above and below
the ventricles. The two points in the center of the brain had to be separated due to
the fact that the ventricles are assigned the properties of CSF, and as such are not
accurate representations of the behaviour of the brain at the center of the head. The
probe locations are shown in Figure 5-3; the points labelled B and E are the probes
located within the skull, and points A, C, and D are the probes located within the
Figure 5-2: Pressure contours from ECH, ECH + faceshield, ECH + goggle simula-
tions
Figure 5-3: Locations of probes for pressure profiles
brain tissue. Figure 5-4 compares the pressure profiles from the four simulations at
each of the five selected locations.
When comparing the ACH to the ACH with the addition of the faceshield, the
most significant difference appears in the arrival time of the initial blast pressure
peak. At locations B and C, in the front of the skull and cerebrum, the initial peak
is delayed by over 0.1 ms, and in the back of the skull at location E, the initial peak
is delayed by nearly 0.4 ms. In all points in the cerebrum, the delayed peak has been
reduced in magnitude as well; this effect is particuarly noticeable at location C, where
the pressure was decreased by over 500 kPa with the addition of the faceshield. The
locations in the skull observe higher pressures at the initial peak when the faceshield
is introduced, by as much as 400 kPa, though this is to be expected, as the added
impulse from the faceshield area exposed to the blast is being directed through the
padding to the skull which, as the stiffer structural component, would be expected to
maintain a higher load. Another benefit of adding the faceshield to the ACH is seen
in the pressure fluctuation behavior at the indicated locations. With the faceshield
added, the fluctuations decrease in both their magnitude and frequency, as initial
fluctuations at the front of the cerebrum go from nearly 1100 kPa over 0.06 ms to less
than 100 kPa over 0.1 ms. A detrimental effect due to the addition of the faceshield
is the late time pressure increase, observed in the cerebrum beginning at 0.6 ms.
This rise is due to the combined effects of the reflection of the blast wave which has
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Figure 5-4: Pressure profiles from the simulations
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wrapped around the back of the faceshield, which creates an increased pressure in
the fluid domain between the interior surface of the faceshield and the head, and the
pressure wave created by the deformation of the faceshield itself.
In comparing the pressure profiles of the ECH to the ACH, it is apparent that
the ECH reduces the magnitude of the initial blast pressure peak observed at all five
locations. For example, at location C in the front of the brain tissue, the cerebrum
experiences a pressure of approximately 700 kPa with the ACH, where the cerebrum
experiences a pressure of approximately 500 kPa with the ECH. Furthermore, the
ECH has the effect of adding a slight delay to the pressure peaks observed by the
brain tissue and skull, when compared to the ACH. In the case of location C, this delay
is approximately 0.02 ms, but the delay varies with both location and tissue type;
for location B, in the front of the skull, this delay is slightly longer, at approximately
0.05 ms. Another distinct difference in the pressure response of the two helmets is
the decrease in pressure fluctuation from the ACH to the ECH. At location C, the
cerebrum undergoes a rapid drop in pressure of approximately 1100 kPa as opposed
to a drop in pressure, over similar time scales, of only approximately 700 kPa with
the ECH. Similar effects are readily observed at location E, located in the back of the
skull, where, in the ACH simulation, the location observes a nearly 1300 kPa pressure
drop, as opposed to a pressure decrease of only 300 kPa in the ECH simulation.
The most apparent difference in the pressure profiles of the ACH and the ECH
with faceshield is that of the near elimination of initial blast pressure peak. In the
front of the brain tissue, location C, the nearly 700 kPa peak of the ACH simulation
has been decreased to less than 100 kPa. The effect is also observable at location B,
in the front of the skull, where the initial peak is reduced from approximately 300
kPa to 100 kPa. The pressure rise at location C has also been significantly delayed
in this configuration, with the first peak occurring 0.08 ms after the first peak in
the ACH simulation. Another significant benefit of the ECH and faceshield is that
none of the points located in the cerebrum indicate significant negative pressures,
therefore decreasing the likelihood of cavitation within the brain matter. The ECH
with faceshield configuration exhibits similar late time pressure increase seen with the
ACH and faceshield in the front of the cerebrum and the back of the skull, beginning
at 0.6 and 0.65 ms respectively. Also at location E, in the back of the skull, a slight
underpressure is observed in the ECH with faceshield simulation, on the order of
100 kPa, which is unique to this configuration. The underpressure is caused by the
rapid reversal of pressure at the rear of the helmet, so that the negative pressure is
transmitted through the padding to the back of the head.
Comparing the two faceshield simulations indicates that the late time pressure
increase behavior is seen in both of these simulations, though in the case of the ECH
and faceshield, the pressure increase in the front of the cerebrum, location C, begins
approximately 0.02 ms earlier. The rise ultimately results in a pressure nearly 200
kPa higher for the ECH and faceshield, but the rise is more gradual than in the ACH
and faceshield simulation. However, at both locations A and D, in the center of the
cerebrum, the late time rise is not observed in the ECH and faceshield configuration,
where it is seen in the case of the ACH and faceshield configuration. The most
apparent difference between these two configurations can be seen at location B, in
the front of the skull; the pressures observed in the ECH and faceshield simulation
barely reach past 100 kPa, where the ACH and faceshield simulation reach over 1400
kPa.
The addition of goggles to the ACH decreases the initial blast peak as experienced
at location C from nearly 700 kPa to just under 500 kPa, an improvement over the
use of the ECH, indicating that protecting the soft tissues of the face, particularly
the eyes, has an important impact on the blast wave mitigation. The initial peak
at location C is also delayed by a further 0.01 ms over the use of the ECH. The
response at location C for the ACH with goggles follows the same basic behavior of
the two helmet simulations; there are three strong oscillations followed by the decay
of the pressure, though with the introduction of the goggles, the amplitudes of the
oscillations with the goggles are significantly smaller. At locations A and D, in the
center of the head, the oscillations observed in previous simulations are present, but,
as with location C, the amplitudes are smaller. The decreased amplitude allows the
oscillations to be damped more quickly. The response of the skull, most noticeably
at location B, follows the same trends as exhibited by the skull in the simulation
with the addition of the ACH, but with drastically reduced magnitudes. Location B
records a peak pressure of approximately 450 kPa when the goggles have been added,
rather than over 1500 kPa with the ACH alone. The probe at location E, in the back
of the skull, indicates that the skull is carrying significantly lower pressures with the
addition of the goggles, not exceeding 150 kPa.
The addition of goggles to the ECH decreases the initial blast peak as experienced
at location C in an identical manner to the simulation of the goggles added to the
ACH. The initial peak at location C is also delayed by the same 0.01 ms as the
previous goggle simulation. The response at location C for the ACH with goggles
follows the same basic behavior of the two helmet simulations; there are three strong
oscillations followed by the decay of the pressure, though with the introduction of the
goggles, the amplitudes of the oscillations with the goggles are significantly smaller.
The response at location C when the goggles are added to the ECH demonstrates
minute benefits over the addition of the goggles to the ACH, but are nearly negligible.
Again, at locations A and D, in the center of the head, the oscillations observed in
previous simulations are present, but, as with location C, the amplitudes are smaller,
with the decreased amplitude allowing the oscillations to be damped more quickly.
The response of the skull, most noticeably at location B, follows the same trends
as exhibited by the skull in the simulation with the addition of the ECH, but with
drastically reduced magnitudes. Location B records a peak pressure of approximately
450 kPa when the goggles have been added, rather than nearly 900 kPa with the ECH
alone. The probe at location E, in the back of the skull, indicates that the skull is
carrying significantly lower pressures with the addition of the goggles, not exceeding
150 kPa. Overall, there is very little to distinguish the two goggle simulations, other
than minor reductions in pressure observed by the five probes when the goggles are
added to the ECH.
Chapter 6
Conclusions
6.1 PPE Selection Criterion
The reduction and delay of the early time blast pressure response in each of the
PPE configurations as compared to the ACH is likely to be significant in reducing
the number and severity of TBI cases among blast affected individuals. The skull
is expected to experience the higher pressures that are observed, due to its stiffness,
which then plays an important role in decreasing the pressures transmitted into the
brain tissue. Within the brain tissue, the highest pressures occur within the frontal
region, where the blast wave is initially incident to the head, making the reduction
of pressure at a location in the frontal region of the cerebrum a good indicator of the
effectiveness of the particular configuration of PPE. The recommendations for which
of the PPE combinations will be most effective in reducing blast-induced TBI will be
made with heavy emphasis on this particular metric.
6.2 Selection of Optimal Blast Protection Method
The PPE configuration which best reduces the the peak pressure within the front
of the cerebrum is the combination of the ECH with faceshield attached. However,
consideration must be given to the weight, comfort, and visibility of the Service-
member who will be wearing the PPE. The use of the ECH reduces the the peak
pressures observed in the front of the cerebrum over the use of the ACH, therefore,
if the faceshield will not be worn by the soldier during combat situations, the ECH
with goggles is a better PPE option as compared to the ACH. However, if cost of
implementing the change is a significant factor, the simple addition of goggles to the
ACH will be almost exactly as effective as adding goggles and the newer ECH.
More work needs to be done to refine both the geometry and materials used in
the faceshield and goggles before these recommendations can be fully relied upon,
however, as an initial examination, they seem to indicate beneficial effects for the
mitigation of TBI through the protection of the soft tissues of the face.
6.3 Recommendations for Future Work
The simulations presented in this thesis are only initial steps. There are several av-
enues for future work that are readily apparent. One further step that can be made
is for simulations to be run after the identification of more accurate biological tissue
material properties has been made, in order to more accurately reproduce the physical
response of the tissue to blast overpressure. Another potential for future work is in
the development of material models which characterize the behavior of the biological
tissue more accurately than the current neo-Hookean model. Supplementing the cre-
ation of new material models should be the addition of a model which incorporates
the possibility of cavitation into the tissue in the intracranial cavity, to determine
whether or not cavitation actually occurs in the head, and if so the extent of the
damage due to cavitation. A model which incorporates accurate parameters to de-
scribe the crushing stress of the padding should be incorporated, in order to attempt
to mitigate the effects of the impulse applied to the helmet being transmitted through
the padding to the head. Further research into the material properties of the goggles
should also be completed for implementation in the model.
Additionally, simulations can be run with more of the structures inside the head
identified, in order to assess the pressure response at the different tissue interfaces,
which have already been seen to be localization points for large pressure differences.
Another geometrical change that can be incorporated for future work is the exten-
sion of the FHM to the neck and beyond, which will allow for the determination of
blast wave penetration effects from the nose and mouth orifices, as well as through
any additional effects from the blast interacting with the body. Further refinement
of the geometries for the PPE should be devised, particularly the goggles. Another
identifiable avenue for further work in this area would be to simply subject the dif-
ferent helmet and PPE combinations to blast loading other than simple front blasts.
The above listed suggestions are merely a few of the many ways in which the work
described in this thesis can be extended, as the study of TBI through computational
methods is a vast area of interest which has only begun to be fully developed.
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